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Abstract Restoration of male fertility is a prerequi-

site for hybrid rye breeding and currently the most

straightforward approach to minimize ergot infection

in hybrid rye varieties. Molecular markers are impor-

tant tools for the efficient introgression and manage-

ment of restorer genes like Rfp1 originating from

unadapted genetic resources. Furthermore, closely

linked markers flanking Rfp1 are indispensible for

identifying and selecting individuals with haplotypes

showing recombination between Rfp1 and other

gene(s) that reside in close proximity and have a

negative influence on yield. We identified orthologous

gene sets in rice, Brachypodium, and Sorghum and

used these gene models as templates to establish

conserved ortholog set (COS) markers for the restorer

gene Rfp1 on the long arm of rye chromosome 4R. The

novel co-dominant markers delimit Rfp1 within a 0.7-

cM interval and allow prediction of Rfp1 genotypes

with a precision not feasible before. The COS markers

enabled an alignment of the improved genetic map of

rye chromosome 4R with wheat and barley maps and

allowed identification of regions orthologous to Rfp1

in wheat and barley on the short arms of chromosomes

6D and 6H, respectively. Results obtained in this study

revealed that micro-collinearity around the Rfp1 locus

in rye is affected by rearrangements relative to other

grass genomes. The impact of the novel COS markers

for practical hybrid rye breeding is discussed.

Keywords Hybrid rye � Restorer gene �
Linkage drag � COS markers � Comparative mapping

Introduction

Rye (Secale cereale L.) is the only outbreeding species

among the small-grain cereals and, thus, has tradi-

tionally been bred to population varieties. Based on

the so-called ‘Pampa’ (P) cytoplasm as a genetic

mechanism of fertilization control for hybrid seed

production and due to high levels of heterosis, which

can be observed among the cross progeny of parental

inbred lines developed from genetically distant gene-

pools, effective hybrid breeding programmes were

established during the past four decades. The P

cytoplasm was derived from an Argentinian primitive
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rye population and results in a male-sterile phenotype

(Geiger and Schnell 1970). In plants displaying

cytoplasmic male sterility (cms), formation of viable

pollen grains is disrupted by a mitochondrial mutation

(cf. Chase 2007 for review).

Highly productive hybrid varieties keep rye grow-

ing competitive in modern agricultural production

systems. In Germany, the percentage of released

hybrid varieties of rye increased from 37 % in 2002

to 57 % in 2010 (Bundessortenamt 2011). A present

drawback of hybrid varieties in rye is their suscepti-

bility to ergot (Claviceps purpurea [Fr.] Tul.), as a

consequence of sub-optimal pollen shedding. Particu-

larly under unfavourable, rainy weather conditions

during flowering, low abundance of pollen means that,

on a stigma, spores of the fungus have an advantage in

the competition with germinable pollen grains for sites

of entry to the ovary (Miedaner et al. 2005). The

elevated risk of ergot incidence as a result of increasing

acreages grown with hybrid rye varieties is a major

challenge to rye production in Germany. Susceptibility

to ergot upon artificial inoculation is a trait assessed for

registered rye varieties since 2008 in the descriptive

variety list of the Bundessortenamt, an independent

German senior federal authority under the supervision

of the Federal Ministry of Food, Agriculture and

Consumer Protection, which is responsible for granting

of Plant Breeders’ Rights, the registration of varieties

in the National List and for variety and seed affairs. The

compliance of defined thresholds for ergot contami-

nation of the harvest (0.05 % for human consumption,

0.1 % for feeding purposes) is critical for marketing of

rye. As a consequence, ergot infection is one of the

economically most important diseases in rye.

The restoration of male fertility is a prerequisite for

hybrid rye breeding and currently the most straight-

forward approach to minimize ergot infection in

hybrid rye varieties (Miedaner et al. 2000, 2005;

Stracke et al. 2003).

Fertility restorer (Rf) genes for the P cytoplasm are

designated Rfp (Stracke et al. 2003). First results on

the genetics of male-fertility restoration in the P

cytoplasm of rye were reported by Scoles and Evans

(1979) who suggested the action of three dominant

restorer genes with partial and environmentally influ-

enced effects in inbred lines carrying the P cytoplasm.

Rfp genes known to date from European rye germ-

plasm lead to incomplete restoration of male fertility

in the P cytoplasm (Miedaner et al. 2000, 2005). One

of these Rfp genes has been mapped to rye chromo-

some 1R (Wricke et al. 1993). More effective Rfp

genes have been identified in genetic resources

collected in Iran and Argentina, respectively. These

genes, Rfp1 and Rfp2, were mapped to the long arm of

chromosome 4R (Miedaner et al. 2000; Stracke et al.

2003) and contribute to minimize harvest contamina-

tion with ergot, as they result in an almost complete

restoration of male fertility in hybrid rye varieties.

There are, however, other gene(s) associated with

these exotic Rfp variants that exert a negative influ-

ence on agronomically important traits (Miedaner

et al. 2000). To elucidate whether these unfavorable

effects are the results of a linkage drag, closely linked

molecular markers are needed to identify and select

individuals with recombinant haplotypes. In an initial

attempt, sequence-tagged site (STS) markers for the

restorer genes Rfp1 and Rfp2 were developed from

amplified fragment length polymorphism (AFLP) and

random amplified polymorphic DNA (RAPD) frag-

ments (Stracke et al. 2003).

The availability of the genome sequences of rice

(International Rice Genome Sequencing Project

2005), Sorghum (Paterson et al. 2009), and most

recently of Brachypodium (International Brachypodi-

um Initiative 2010) provides the opportunity to

identify sets of orthologous genes in species related

to these grasses, which have evolved from a common

ancestor by speciation. The development of molecular

markers representing orthologous genes, so-called

COS (conserved ortholog set) markers (Fulton et al.

2002), was successfully applied in rye for different

sub-genomic regions on the short arm of chromosome

1R (Mago et al. 2005), the long arm of chromosome

2R (Hackauf and Wehling 2005), and the short arm of

chromosome 7R (Miftahudin et al. 2004; Collins et al.

2008). Recently, a draft of the rye/rice genome

relationship described conserved orthologous

sequences between rye and rice in different sub-

genomic regions located on all seven rye chromo-

somes (Hackauf et al. 2009).

The present study is focussed on the Rfp1 locus

located on the long arm of rye chromosome 4R and

aims at (1) identifying the Rfp1-orthologous regions in

rice, Brachypodium, and Sorghum, (2) using the gene

models of these grasses to develop COS markers

linked to the Rfp1 locus, and (3) mapping the novel

COS markers relative to Rfp1. The potential value of

these COS markers for practical hybrid rye breeding is
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discussed based on knowledge gained from compar-

ative mapping between grass species.

Materials and methods

Assessment of Rfp1 genotypes

F1 plants were established by crossing the male-sterile

single-cross tester L2039-P 9 L145-N from the non-

restorer genepool with a BC2 restorer line originating

from the restorer genepool of HYBRO GmbH & Co.

KG. The restorer line carried a 4RL chromosome-

segment with the restorer gene Rfp1, which has its

source in the population IRAN IX (Miedaner et al.

2000). Introgression of this donor-chromosomal seg-

ment was achieved by marker-assisted backcrossing

using the dominant STS marker SCXX04 linked to

Rfp1 (Stracke et al. 2003). Two F1 plants were selfed

to produce the F2 families JKI-1301 and JKI-1302,

respectively. From each of these F2 families segre-

gating for Rfp1, plants were cloned with two clones

per individual plant. Male fertility was visually

assessed in two environments in 2005 according to

Geiger and Morgenstern (1975), with one clonal part

of each family being scored by HYBRO and JKI at the

experimental field sites of Wulfsode and Groß Lüse-

witz, respectively. Two to three main tiller spikes per

plant were isolated by bagging. F2:3 progeny testing

of all fertile F2 plants was performed in 2006 at Groß

Lüsewitz Experimental Station with 16 individuals per

F2:3 progeny to identify homozygous and heterozy-

gous Rfp1 genotypes. In addition, three of these F2:3

progenies with 95, 93, and 94 individuals, respec-

tively, were scored in 2007. Additionally, 250 indi-

viduals of the F2 population Lo6-P 9 IRAN IX,

which has previously been characterized with respect

to the genetic constitution at the Rfp1 locus by KWS

LOCHOW GmbH (Stracke et al. 2003), were included

for mapping purposes.

Development and mapping of COS markers

The sterility-inducing P cytoplasm was monitored by

means of the recently described sequence character-

ized amplified regions (SCAR) markers to study the

mitochondrial genes cox2 and nad6 (Stojałowski et al.

2006). Development, application, and mapping of

COS markers on the long arm of chromosome 4R were

performed as described previously (Hackauf and

Wehling 2005; Hackauf et al. 2009) using GoTaq�

DNA polymerase (Promega, Mannheim, Germany)

for the amplification of sub-genomic fragments.

Sequence information on restriction fragment length

polymorphism (RFLP) probes cMWG652 (acc. nos.

AJ234404, AJ234405), PSR8 (J02817), HvNAR

(X57845), CDO476 (BE439306, BE439373),

BCD342 (BE438801), PSR899 (X69817), BCD1821

(BE439006, BE439033), PSR119 (AJ440538,

AJ440539) and PSR167 (AJ440600) were down-

loaded from Genbank (http://www.ncbi.nlm.nih.gov/

sites/entrez?db=nucleotide). STS primers derived

from wheat and barley unigenes, which were supple-

mented by primers established from mapped wheat

expressed sequence tags (ESTs_ (Akhunov et al.

2010), and PCR conditions are given in Supplemental

Table 1.

Amplicons obtained from the non-restorer inbred

line L2053-N of the HYBRO breeding programme

with the markers TC264604, TC281179, TC176835,

and TC300731 were directly sequenced by LGC

Genomics (Berlin), using the indicated PCR primers.

Information on orthologous gene sets was obtained

from the Phytozome project, release v6.0 (http://www.

phytozome.net/), as well as from the PLAZA (vers.

2.0) online resource (Proost et al. 2009).

STS markers SCY03 and SCXX04 were assayed as

described by Stracke et al. (2003). The waxy locus was

addressed using primers described by Mason-Gamer

et al. (1998). Multipoint linkage analysis of markers

was performed using the software package JoinMap

v.4.0 (Van Ooijen 2006) with a LOD score of 7.0. The

Kosambi function was applied to convert recombina-

tion values to genetic distances (cM). The recombi-

nation frequency r ¼ r1r2

1�r1�r2þ2r1r2
between Rfp1 and

two flanking markers was calculated according to

Weber and Wricke (1994). Chromosomal localization

of the STS markers was validated using disomic

wheat–rye addition lines kindly provided by S.M.

Reader (Department of Crop Genetics, John Innes

Centre, Norwich, UK). To determine a more precise

physical location of the COS markers, sequence

information of the analyzed unigenes were aligned to

ESTs physically mapped in wheat (Randhawa et al.

2004). Information on mapped ESTs was queried

from the GrainGenes-SQL database of Triticeae

Mol Breeding (2012) 30:1507–1518 1509

123

http://www.ncbi.nlm.nih.gov/sites/entrez?db=nucleotide
http://www.ncbi.nlm.nih.gov/sites/entrez?db=nucleotide
http://www.phytozome.net/
http://www.phytozome.net/


EST information (http://wheat.pw.usda.gov/cgi-bin/

westsql/map_locus.cgi). Rice, Sorghum, and Brac-

hypodium gene models were used to integrate the COS

markers mapped in rye into the genome zipper of the

short arm of barley chromosome 6H (Mayer et al.

2011). The Gramene QTL database (Youens-Clark

et al. 2011) was searched for agronomic traits mapped

to chromosomes 2 and 6 in rice and chromosomes 4

and 10 in Sorghum.

Results

Genetic analysis of fertility restoration

Assessment of male fertility revealed a bimodal

distribution of pollen-fertility means across locations

in the two established F2 populations as well as in the

F2:3 families with clear peaks in the male-sterile and

fully male-fertile classes (Fig. 1, Table 1). In both F2

populations, ten and nine individuals were scored as

partially male fertile (fertility scores 4–6), while in the

three F2:3 families all plants appeared either as male

sterile or completely male fertile.

Four (score 5) and three (score 4) of the 19 plants,

which had initially been assessed as partially male

fertile in both F2 populations, had no seed set,

suggesting false scoring, i.e., that these seven plants

indeed should be classified as male sterile. In contrast,

seed set for the remaining 12 partially male-fertile

individuals ranged from 20 to 60 kernels/ear and

enabled analysis of pollen fertility in the F2:3 proge-

nies. In this subset, the observed pollen fertility

allowed the definition of three of the parental F2

individuals as male fertile resulting from the expres-

sion of a dominant restorer allele. The remaining nine

Fig. 1 Distribution of

phenotypic scoring values in

populations segregating

with male fertile and male

sterile phenotypes.

Frequency distributions of

anther scores (1–3 = male

sterile, 4–6 = partially male

fertile, 7–9 = male fertile)

in the F2 mapping

populations JKI-1301 (white
bars) with 86 individuals

and JKI-1302 with 75

individuals (black bars) as

well as F2:3 progenies JKI-

200.574 (light gray bars),

JKI-200.575 (dotted bars)

and JKI-200.638 (dark gray
bars) with 95, 93, and 94

individuals, respectively

Table 1 Segregation ratios of Rfp1 genotypes in F2 and F2:3 populations

Family Generation Pedigree N Segregation observed Segregation expected

Male fertile Male sterile Ratio v2-value

Homozygous Heterozygous Homozygous

JKI-1301 F2 86 17 47 22 1:2:1 1.33

JKI-1302 F2 75 19 35 21 1:2:1 0.44

JKI-200.574 F2:3 JKI-1302/09 95 69 26 3:1 0.28

JKI-200.575 F2:3 JKI-1302/10 93 73 20 3:1 0.61

JKI-200.638 F2:3 JKI-1302/95 94 69 25 3:1 0.13
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parental F2 plants were deduced to carry the non-

restorer allele of the male-sterile tester at the Rfp1 locus,

as their progenies were male sterile (data not shown).

Taken together, we were able to determine the

genetic constitution at the restorer locus Rfp1 for 161

F2 plants and 282 F2:3 progenies. The observed

segregation in the F2 populations as well as in the three

selected F2:3 progenies fitted the hypothesis of a

monogenic dominant inheritance of male-fertility

restoration (Table 1). The 161 F2 plants and 95

progenies of the F2:3 family JKI-200.594, together

with a subset of the 250 F2 individuals derived from

the cross Lo6-P 9 IRAN IX previously defined at the

Rfp1 locus, were selected for mapping purposes.

Development and mapping of COS markers linked

to Rfp1

A comparative-genetic approach of marker develop-

ment in rye allowed us to establish 22 novel, sequence-

specific markers for the long arm of chromosome 4R

(Supplemental Table 2). Sequence information of

Fig. 2 Comparative

mapping of the restorer gene

Rfp1 in rye. The integrated

linkage map representing

part of chromosome 4R is

based on 506 Rfp1
genotypes and aligned to

physical maps of model

grass genomes. Dotted lines
indicate orthologous genes

in rice, Brachypodium, and

Sorghum, which have been

used for marker

development in rye. COS

markers originating from

wheat unigenes with EST

members of known

localization in wheat bins

are indicated in bold. Gray
boxes indicate segments of

the long arm of rye

chromosome 4R

orthologous to different

wheat bins. A wheat bin is

defined by two deletion

breakpoints and is given as

name followed by the arm

fraction-length endpoints

for which the deletion is

diagnostic; e.g., 6DS-6-

0.99-1.00 designates the

region from a breakpoint at

99 % of the 6DS arm to one

at 100 % (Endo and Gill

1996)
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eight RFLP anchor markers located on the long arm of

chromosome 4R provided landmarks to identify

orthologous regions in other grass genomes by

BLASTN analysis, which in turn were used to identify

sequence-based markers in the selected sub-genomic

region in rye via PCR. Sequence specificity of the PCR

was validated by direct sequencing of PCR products

followed by BLASTN/BLASTX analysis (data not

shown). Two unigene-derived COS markers repre-

senting the RFLP probes cMWG652 and CDO476

could not be mapped in rye due to lack of polymor-

phism in the experimental populations. Seventeen

(77 %) of the novel markers revealed a co-dominant

inheritance with an insertion/deletion polymorphism

in the experimental populations, allowing a simple

scoring of the amplification products on agarose gels

either directly upon PCR or, in the case of an invariant

amplicon, following digestion with restriction

enzymes (Supplemental Table 2). Among the remain-

ing dominant markers, four segregated in coupling

phase and one in repulsion relative to Rfp1.

For the 22 markers, the expected 1:2:1 or 3:1

segregation ratios, respectively, were observed. The

novel markers, together with five previously devel-

oped sequence-tagged sites, allowed the establishment

of a genetic linkage map spanning 61 cM (Fig. 2).

Localization of the established linkage group on the

long arm of chromosome 4R was verified using wheat-

rye addition lines and marker loci TC176835 (suppl.

Fig. 1), TC120635, and TC112013 (not shown) as

anchors. Five of the novel markers are located within

the 3.4-cM segment delimited by the STS markers

Xp15/55 and Xscxx04, respectively, which have been

reported as markers flanking Rfp1 (Stracke et al.

2003). The novel markers allow us to further narrow

down the Rfp1 locus to a genetic interval of 0.7 cM,

which is defined by the flanking co-dominant markers

TC300731 and TC256739 (Fig. 2). The estimated

recombination frequencies rRfp1-TC300731 = 0.4 cM

and rRfp1-TC256739 = 0.3 cM enable calculation of a

joint probability for a recombination between markers

and Rfp1 of 0.0012 % if both flanking markers are

examined concurrently as a single selection criterion.

Comparison of the Rfp1 locus in rye to orthologous

regions in other grass genomes

Fifteen of the unigene sequences used for marker

development for the long arm of rye chromosome 4R

represent ESTs with known locations in chromosome

interval region bins within wheat chromosome (arms)

(Fig. 2, Supplemental Table 2). This information

enabled us to assign the Rfp1 locus to a rye genome

segment orthologous to the major gene-rich region

6S1.0 in wheat (bin 6DS-6(0.99)-1.00; Fig. 2, Sup-

plemental Table 2). Four of the unigene sequences

mapped in our study proved to be located in co-linear

orders on the short arm of barley chromosome 6H

within a 22-cM interval (suppl. Table 2). Comparison

of the relative map positions of the unigene sequences

in different grass genomes revealed collinearity at the

genetic-map level of the distal part of the long arm of

rye chromosome 4R with sub-genomic segments of

Brachypodium chromosome 3, Sorghum chromosome

4, and rice chromosome 2 (Fig. 2). Three coding

sequences, Os02g01440, Os02g01450, and

Os02g01480, were reported to be located within a

15.6-kb segment on rice chromosome 2 and allowed us

to derive PCR primers for the gene-derived markers

TC176835, TC300731, and TC135788. These markers

are linked to Rfp1 (Fig. 3).

In rice, the 11.2-kb segment defined by

Os02g01450 and Os02g01480 harbors two additional

genes, namely Os02g01460 and Os02g01470, which

are both predicted to encode for transposable ele-

ments. For this reason, Os02g01460 and Os02g01470

were not considered for the development of additional

markers in the rye target interval. Rather, we included

genomic sequence resources from two other grass

species, Brachypodium distachyon and Sorghum

bicolor. Comparison between rice and Sorghum

revealed a conservation of gene order and content

(micro-collinearity) between the two species in this

sub-genomic segment (Fig. 3). A more complex

situation was found for a segment of Brachypodium

chromosome 3 containing orthologs of the five TC

markers. This segment comprises 10 additional pre-

dicted gene-coding sequences in the target region

(Fig. 3). Three (Bradi3g00780, Bradi3g00790, Brad-

i3g00800) of these additional genes are located

between Bradi3g00767 and Bradi3g00804, the latter

of which is orthologous to Os02g01480 and predicted

to encode a pentatricopeptide (PPR) repeat-containing

protein. Bradi3g00780 is predicted to encode for a

mitochondrial transcription termination factor

(mTERF). According to the precomputed PLAZA

dataset, Bradi3g00780 belongs to a family of 319

genes in 17 species. The closest related rice gene is

1512 Mol Breeding (2012) 30:1507–1518
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Os06g12100 with 54 % identity to Bradi3g00780 at

the amino-acid level (E value = 6.8e-104).

Os06g12100 is located on rice chromosome 6 within

a 29.2-kb segment (position 6,453,328–6,482,604),

which contains a cluster of six additional, tandemly

duplicated genes (Os06g12040, Os06g12050,

Os06g12060, Os06g12070, Os06g12080, Os06g12110)

also predicted to encode for mTERF proteins (Fig. 3).

BLASTN/BLASTX analysis identified significant

sequence similarity between Os06g12100 and the

wheat EST BF483174 (63 % amino acid identity,

E value = 9e-036), the latter of which maps to

wheat bin 6DS6-FL0.99-1.00. Two other rice genes,

Os06g12030 (6,444,938–6,439,709) and Os06g12129

(6,490,675–6,488,579), flank the above-mentioned

29.2-kb segment (data not shown). Os06g12030 is

orthologous to wheat ESTs BQ161619 and

BM134479, and Os06g12129 shows significant

sequence similarity to CD453020. Unlike the 29.2-

kb segment, these three wheat ESTs are not located on

wheat bin 6DS6-FL0.99-1.00; rather, they have been

physically mapped to wheat bin 7BS1-0.27-1.00

(BQ161619, BM134479) and chromosome 7D

(CD453020). To conclude, use of the Brachypodium

gene Bradi3g00780 in combination with the physi-

cally mapped wheat EST BF483174 allowed us to

identify the 29.2-kb segment on rice chromosome 6 as

a specific and promising template for the targeted

development of markers for the Rfp1 restorer gene in

rye. The orthologous gene set Bradi3g00780/

Os06g12100 (cf. PLAZA database, Proost et al.

2009) was used to develop an additional gene-derived

Fig. 3 Close-up of the Rfp1 locus in rye and orthologous sub-

genomic regions in Brachypodium, Sorghum, and rice. The

genetic map of the Rfp1 locus in rye is illustrated at the top. The

physical maps of the orthologous rice, Sorghum, and Brachyp-
odium sub-genomic regions are given below. Orthologous genes

in rice, Sorghum, and Brachypodium are given as black boxes.

Gray boxes represent genes located at non-collinear positions

within rice, Brachypodium, and Sorghum. Empty boxes indicate

hypothetical genes which have no orthologs in other species.

Orthologous genes are connected at their 30 ends by dashed
lines. Nuclear genes residing in regions orthologous to the Rfp1
locus, which are known to interact with mitochondria, are

indicated as bottom-down triangles [pentatricopeptide (PPR)

repeat-containing protein], bottom-up triangles [Mitochondrial

Rho (Miro) GTPase] and stars [mitochondrial transcription

termination factor (mTERF)]
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marker. Alignment of Os06g12100 with the wheat

unigene sequence TC256739 (TBLASTX: E value =

4e-128) enabled us to derive primers which amplify

an expected 688-bp fragment from rye-genomic DNA.

Restriction digestion of this amplicon revealed a

complex fragment pattern which was polymorphic

between male-sterile and male-fertile genotypes

(Fig. 4). The number and sizes of the observed

restriction fragments indicate that the primers ampli-

fied several copies of related sequences. Linkage

analysis identified the polymorphic TC256739 frag-

ment to be located within the expected genetic interval

of TC300731 and TC135788, 0.3 cM proximal of the

restorer gene.

Discussion

Genetic analysis of fertility restoration

The restorer gene Rfp1 in rye was studied in a F2

test-cross progeny with the P-type sterility-inducing

cytoplasm. Our data confirms previous findings of

Miedaner et al. (2000) and Stracke et al. (2003) who

identified Rfp1 as a dominantly acting restorer gene.

Fertility restoration in the P cytoplasm is subject to

environmental influence (Scoles and Evans 1979;

Geiger et al. 1995). As demonstrated in our study,

progeny testing may substantially improve accuracy

when assigning Rfp1 genotypes to individual plants.

Progeny testing revealed that nine out of 12 F2

individuals which had phenotypically been scored as

partially male fertile belong to the class of male-sterile

genotypes. This finding is in contrast to the assumption

of Stracke et al. (2003) who assigned all partially

male-fertile individuals (anther scores 4–6) to the

Rfp1. class for segregation analysis. Their classifica-

tion was based on the genotypes of flanking dominant

markers and was not validated by progeny testing.

COS markers for Rfp1

Comparative mapping based on sequenced model

genomes such as rice, Sorghum, or Brachypodium is

particularly rewarding for a species like rye where

species-specific genomic resources lag behind those of

other small grain cereals. We have applied this

strategy to a region on the distal part of the long arm

of rye chromosome 4R to map the Rfp1 gene in a

targeted approach.

In the present study, the COS strategy of using

ESTs for primer design with a single match to genes in

model genomes proved to be successful in the

development of closely linked PCR-based markers

for Rfp1. In contrast to the previously developed Rfp1

markers, the novel co-dominant markers allow us to

unambiguously distinguish heterozygous and homo-

zygous Rfp1 genotypes with a precision not feasible

before.

Three Rfp genes have been mapped to the long arm

of rye chromosome 4R (Miedaner et al. 2000; Falke

et al. 2009). In addition to these Rfp genes, restorer

Fig. 4 Restriction pattern of TC256739. Agarose gel-based

restriction analysis of the 688-bp amplicon obtained with

primers derived from the wheat EST unigene TC256739 allows

a clear visualization of marker genotypes associated with

male-sterile and male-fertile individuals. bms = bulk of 10

male-sterile plants from JKI-1302, bmf = bulk of 10 male fertile

plants from JKI-1302, M = size standard
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genes for the G (Börner et al. 1998) and C (Stojałowski

et al. 2005) cytoplasms, which are both functionally

different from P (Geiger et al. 1995) have also been

mapped to the long arm of chromosome 4R. Likewise,

the rye restorer gene Rfc4, which restores male fertility

in hexaploid wheat with timophevii sterility-inducing

cytoplasm, has been localized on the long arm of rye

chromosome 4R (Curtis and Lukaszewski 1993). The

restorer genes Rf6 (Ma et al. 1995) and Rfm1 (Matsui

et al. 2001) have been mapped to regions on the short

arms of chromosome 6D and 6H in wheat and barley,

respectively. These 6DS and 6HS regions, as well as

the segment carrying Rfp1 on the long arm of rye

chromosome 4R, are orthologous. The COS markers

developed for Rfp1 in the present study may thus be

useful for comparative mapping to investigate the

orthology of the described restorer genes in the

Triticeae tribe of the grasses.

Comparative mapping between rye and other

grasses

The use of COS markers enabled us to assign the Rfp1

locus to a rye genomic segment orthologous to one of

the major gene-rich regions, namely 6S1.0, in wheat

(Weng and Lazar 2002; Erayman et al. 2004). The

orthologous relationship between the distal segment of

the long arm of rye chromosome 4R and the short arms

of group 6 chromosomes of the Triticeae was identi-

fied by Devos et al. (1993) via comparative mapping

with RFLP markers Xpsr167, Xpsr899, XNra1, and

XCxp3. In the present study, these RFLP markers have

been converted to PCR-based markers. The *10-Mb

sized region 6S1.0 carries 82 % of the genes located

on the short arm of chromosome 6D and has the

highest recombination rate per chromosome arm in

wheat (Weng and Lazar 2002, Erayman et al. 2004).

The estimates of the physical to genetic distances for

the 6S1.0 bin range from 1.29 Mb/cM (Weng and

Lazar 2002) to 164 kb/cM (Erayman et al. 2004) and

are, thus, below the whole-genome average of 4.6 Mb/

cM in wheat (Weng and Lazar 2002). These ratios

found in wheat compare well to estimates reported for

the orthologous region on the short arm of barley

chromosome 6H (Künzel et al. 2000, Weng and Lazar

2002) and render map-based cloning in this sub-

genomic region a feasible task. For the marker interval

TC300731–TC256739 in rye, which is orthologous to

the above-mentioned wheat and barley sub-genomic

regions, the ratios remain to be determined in order to

evaluate the prospect of success for a map-based

strategy to isolate Rfp1.

The observed macro-collinearity of the distal

segment of rye chromosome 4RL, the homoeologous

group 6 chromosomes in barley and wheat (Interna-

tional Brachypodium Initiative 2010; Mayer et al.

2011), rice chromosome 2, Brachypodium chromo-

some 3, and Sorghum chromosome 4 indicates the

orthologous relationships of these chromosomal

regions. The positions of COS markers determined

in the present study on rye chromosome 4RL reveal

the same order of common genes as proposed by

Mayer et al. (2011) for the ‘‘genome zipper’’ of the

short arm of barley chromosome 6H.

The Rfp1-containing target interval of TC300731–

TC256739 in rye is orthologous to sub-genomic

regions on rice chromosomes 2 and 6. A series of

quantitative trait loci (QTL) were reported by several

research groups to reside in rice in the vicinity of these

genomic regions. These QTL influence agronomically

important traits including grain yield and yield

components like seed number, spikelet number, pan-

icle length, percent seed set, or 1,000-grain weight

(Supplemental Table 3). Several of these QTL were

mapped to a relatively small segment of 5 cM on the

far-distal part of rice chromosome 2 (cf. Gramene

QTL database, Youens-Clark et al. 2011). As shown in

our study, this part of rice chromosome 2 and the Rfp1

region on rye chromosome 4RL are orthologous.

Another rice QTL, gw6, for thousand-grain weight

was mapped to a 6.3-cM interval delimited by the

markers R1952 and C226 on rice chromosome 6 (cf.

Gramene QTL database, Youens-Clark et al. 2011).

The R1951–C226 interval includes a segment which is

orthologous to parts of the long arm of rye chromo-

some 4R including Rfp1, as shown by the COS marker

TC256739 in our study. According to rye breeders and

consistent with these specific locations of some QTL

related to grain yield in rice genomic regions orthol-

ogous to parts of 4RL, the Rfp1 gene in rye is

associated with donor effects on grain yield after

having been introduced into elite germplasm. These

effects are negative and thus compromise the use of

this restorer gene in hybrid breeding programmes. The

unfavorable grain-yield effects can genetically be

located somewhere within the STS marker interval of

Xp15/55–Xscxx04 (Stracke et al. 2003) and could not

to date be separated from Rfp1 via recombination. The
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present study reveals that five of the novel markers are

located within this genomic segment, thereby consid-

erably narrowing down the marker bracket around

Rfp1. Hence, the novel markers provide the opportu-

nity to select offspring potentially devoid of the

undesirable linkage drag as a result of recombination

within the Xp15/55–Xscxx04 segment.

The present study identified collinearity at the

macro-level of a sub-genomic region containing Rfp1

on rye chromosome 4RL and a segment of Brachyp-

odium chromosome 3. This allowed us to use the

predicted gene sequence of Bradi3g00780 to develop

an additional marker, TC256739, which proved to be

closely linked to Rfp1. A DNA sequence similar to

Bradi3g00780 is absent in the collinear region of rice

chromosome 2; however, such a sequence is located

on rice chromosome 6. This observation is consistent

with the proposal by Bolot et al. (2009) that the

orthologous chromosomes rice r2 and wheat w6 as

well as rice r6 trace back to an ancestral chromosome

A4, which has evolved through a series of duplica-

tions, breakages, and fusions.

In the present study (cf. Fig. 3), we have shown that

in the genomes of rice and Brachypodium there are

sub-genomic regions which are orthologous to the

Rfp1-containing interval of TC300731–TC256739 in

rye and which contain mTERF- and PPR-encoding

genes. Proteins belonging to the mTERF gene family

are localized in mitochondria and act as mitochondrial

transcription termination factors in humans, sea

urchin, and Drosophila (Roberti et al. 2009 for

review). Five of eight plant restorer genes isolated so

far belong to the family of PPR protein-encoding

genes (Chase 2007; Rieseberg and Blackman 2010;

Itebashi et al. 2010). The presence of multiple PPR

protein-encoding genes linked to these restorer loci

(Desloire et al. 2003; Komori et al. 2004) suggests that

this class of restorer genes may have evolved through

the duplication of PPR protein-encoding genes, fol-

lowed by functional divergence of the duplicated

genes such that the product of just one gene acts on

transcripts of a CMS-determining locus (Chase 2007).

Recently, phylogenetic analysis of 212 Rf-PPR-like

sequences supported the hypothesis that all of these

genes have a common evolutionary origin (Fujii et al.

2011). Further experiments are necessary to elucidate

whether PPR gene copies are located between the

marker loci TC300731 and TC256739 in rye which

could serve as candidate genes for Rfp1. Additional

markers linked to Rfp1 might be identified using the

recently published 5 k SNP chip for rye (Haseneyer

et al. 2011).

To summarize, we have identified sub-genomic

regions in rice, Brachypodium, and Sorghum which

are probably orthologous to a marker interval encom-

passing the Rfp1 gene in rye. The gene models of these

grasses allowed us to establish COS markers for the

Rfp1 locus in rye. These novel STS markers may be

used for predicting Rfp1 restorer genotypes with a

precision not feasible before. Furthermore, they may

prove useful in pre-breeding efforts to clean Rfp1 of

undesirable linkage drag which currently hampers the

use of this valuable restorer gene in hybrid-breeding

programmes.
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